Graphene has unique physical and chemical properties making it appealing for a number of applications in opto-electronics, sensing, photonics, composites, smart coatings, just to cite a few. These require the development of production processes that are inexpensive and up-scalable. These criteria are met in liquid-phase exfoliation (LPE), a process that can be enhanced when specific organic molecules are used. Here we report the exfoliation of graphite in N-methyl-2-pyrrolidinone, in the presence of heneicosane linear alkanes terminated with different head groups. These molecules act as stabilizing agents during exfoliation. The efficiency of the exfoliation in terms of concentration of exfoliated single-and few-layer graphene flakes depends on the functional head group determining the strength of the molecular dimerization through dipole-dipole interactions. A thermodynamic analysis is carried out to interpret the impact of the termination group of the alkyl chain on the exfoliation yield. This combines molecular dynamics and molecular mechanics to rationalize the role of functionalized alkanes in the dispersion and stabilization process, which is ultimately attributed to a synergistic effect of the interactions between the molecules, graphene, and the solvent.
Graphene has unique physical and chemical properties including high charge mobility and current density, outstanding mechanical properties, optical transmittance, and thermal conductivity, 1 making it promising for various applications e.g. in electronics, 2 composites, [3] [4] [5] [6] [7] sensing, [8] [9] and bio-medicine. 10 Although several production methods have been proposed so far, 1, 11 only a few among them are scalable and applicable at the industrial scale. 1, 11 Liquidphase exfoliation (LPE) of graphite enables the production of graphene in different solvents. [12] [13] [14] [15] Typically, graphite can be exfoliated into single-and few-layer graphene (SLG and FLG, respectively) in a solvent having a surface tension (γ) close to 40 mJ m −2 , [12] [13] 15 which favours an increase in the total area of graphite crystallites. 14 Therefore, solvents like N-methyl-2pyrrolidone (NMP), 14 ortho-dichlorobenzene, 5, 16 dimethylformamide, 17 and a few others 15 are commonly chosen as a dispersion media. 13 When subjected to sonication, graphite flakes split into individual graphene sheets that are stabilized in the liquid media. [18] [19] During the ultrasound treatment, flakes of different size and thickness can be produced. 12 Centrifugation can then be used to separate SLG and FLG from unexfoliated material. [12] [13] 15 To promote the exfoliation, organic molecules, in particular those having a high energy of adsorption on the graphene surface, [20] [21] [22] can be employed. In order to adsorb on the exfoliated graphene sheets, these dispersion-stabilizing agents (DSAs) need to have adsorption energy higher than the solvent interacting with graphene. 20, 22 In fact, the solvent dictates the choice of DSAs. Water, the "natural" solvent, has γ ≈72 mJ m −2 , 23 which is too high (≈30 mJ m −2 greater than NMP) for dispersing graphene and graphite. 24 However, by adding charged DSAs, such as pyrenes [25] [26] [27] [28] or polymers [29] [30] [31] [32] [33] , exfoliation in water can be accomplished. 13, 15 Nevertheless, waterbased dispersions may not be suitable for all applications. For example, water remaining at the interface with a dielectric substrate can result in charge-trapping, 34 which is detrimental for application in electronics. 34 Therefore, DSA-assisted LPE in organic solvents is highly desirable. LPE of graphite in NMP can be assisted by the use of porphyrins, 35 lignin molecules derivatives, 31 salt derivatives 36 and other systems. 15 However, a full understanding of the DSA role, needed for identifying the best DSAs to enhance the LPE process, is still lacking. Refs. 20, 22 reported that alkyl chains decorated with carboxylic acid groups can be promote the exfoliation of graphene in NMP. Ref. 22 also demonstrated that thermodynamics rules the self-assembly on graphene of fatty acids with different chain lengths, leading to an enhanced exfoliation when long aliphatic chains are used, as a result of a reduced translational and rotational entropic cost. 22 Here we explore the impact of functional groups on the LPE Y W (%), i.e. the yield of graphene exfoliation, defined as the ratio between the weight of dispersed graphitic material and that of the starting graphite flakes. 1, 11 We show that the efficiency of the exfoliation in terms of Y W and quality of exfoliated flakes depends on the chemical nature of these groups. In particular, as DSA we employ a long linear C 21 H 43 alkyl chain terminated with four chemical groups: 1) methyl (docosane), 2) alcohol (docosanol), 3) amine (docosan-1-amine), 4) carboxylic acid (docosanoic acid) (see Figure 1 ). Combining molecular dynamics and statistical mechanics, we discuss the thermodynamics of the graphene dispersion stabilization process. The most effective exfoliation is obtained with the aid of docosanoic acid (Y W = 1.6%), with ~100% increase in Y W when compared the samples prepared upon exfoliation in pure NMP. While Y W of LPE in the presence of docosane is 1.35%, docosanol and docosan-1-amine have lower performance (1% and 1.1%, respectively). To achieve a full understanding of the effect of α-functionalization of the C 21 H 43 alkyl chain on the molecular self-assembly on graphite/graphene, we perform a scanning tunneling microscopy (STM) study of physisorbed monolayers at the solid/liquid interface. This study is done by applying 4 µL of a 20 mM solution in 1-phenyloctane of the chosen C 21 H 43 derivative onto freshly cleaved highly oriented pyrolitic graphite (HOPG). All the molecules are found to lay flat on the HOPG surface and form monomorphic two dimensional (2d) crystals, stable over several hours and extending over hundreds nm 2 . For the crystalline patterns obtained from each C 21 H 43 derivative on HOPG, the unit cell parameters, i.e. length of the vectors a and b, α (the angle between the vectors), unit cell area (A uc ), number of molecules in the unit cell (n uc ), area occupied by a single molecule in the unit cell (A mol ) are reported in Table 1 . Figure 2a shows an STM image of the monolayer obtained from docosane, revealing a monocrystalline lamellar architecture. In this two dimensional assembly, docosane molecules are oriented perpendicular to the main lamellar axis. The supramolecular motif is stabilized both by molecule-molecular interaction at the intra-and inter-lamella level as well as by moleculesubstrate van der Waals interactions. A similar packing motif is observed for docosan-1-amine ( Figure 2c ). Notably, docosan-1-amine molecules are self-assembled in head-to-tail fashion between neighboring lamellas, a behavior that could not be observed for docosane due to its symmetric structure. The self-assembled structure of docosanoic acid is shown in Figure 2e . Docosanoic acid molecules form H-bonded dimers at the inter-lamellar level, with a molecular interdigitation between adjacent lamellae and the molecules oriented perpendicular to the main lamellar axis. Figure 2g portrays the STM image for a docosanol monolayer. Similarly to the docosanoic acid monolayers, docosanol molecules form H-bonded dimers. The geometry of the H-bonding between OH groups belonging to adjacent lamellae determines the ± 60° angle between the molecule and lamella main axis. Furthermore, no interdigitation between molecules is observed
The unit cells parameters in Table 1 are in good agreement with previous reports. [37] [38] [39] Given that the solvent used for STM experiments has to be apolar (dielectric constant ε = 2-4), the NMP solvent (ε = 31) employed for LPE cannot be used as a solvent to perform STM measurements at the solid-liquid interface. [40] [41] *a and b are the vector lengths and α the angle between those vectors; A uc is the unit cell area, n uc the number of molecules in the unit cell and A mol (= A uc /n uc ) is the area occupied by single molecules within the unit cell. To test the influence of alkyl chains α-functionalization on Y W and on the quality of exfoliated material, vials containing NMP, graphite powder and the four DSAs, i.e. the different C 21 H 43 derivatives, are exposed to bath sonication for 6 hours (see Experimental Section). Considering the area of the graphite/graphene surface occupied by a single C 21 H 43 derivative (as determined from the unit cells in the STM images), we can calculate the theoretical number of molecules needed to form densely packed monolayers, i.e. the number of molecules capable of covering 100% of available an ideal SLG surface area (s.a.). 20 Given that the real available SLG surface is much lower than the ideal one, since the exfoliated flakes are not only SLG, but also multilayered, 12, 14 we consider more realistic cases when an amount of molecules covering 2.5%, 5%, 7.5 %, 10%, 15% and 20% of the ideal total available surface are used. Control samples consist of dispersions prepared in the absence of DSAs. After sonication and centrifugation, homogeneous dark dispersions are obtained and characterized by UV-vis-IR absorption spectroscopy (see Supporting Information, section S2). The presence of adsorbed molecules on graphitic sheets may affect the mass measurements and, ultimately, Y W . Thus, to quantify the concentration of dispersions of exfoliated graphitic sheets after centrifugation, a mixture of dispersion and chloroform is first heated to 50 °C and then passed through polytetrafluoroethylene (PTFE) membrane filters. The remaining solvent and weakly interacting DSA molecules are washed out with copious amounts of diethyl ether and chloroform. 42 Measurements of the filtered mass are performed on a microbalance to infer the concentration of graphitic material in dispersion.
By analyzing 10 control experiments we find that, when exfoliation is performed in the absence of DSAs, comparable Y W of dispersions (0.86%) are observed ( Figure 3 ). Both Y W and the concentrations of dispersions produced through LPE in the presence of α-terminated C 21 H 43 derivatives are reported in Figure 3 . We find that in the presence of DSAs Y W increases almost linearly with increasing amount of DSAs, regardless of α-functionalization. We employ the Groningen Machine for Chemical Simulations (Gromacs) 6.2 MD software package [43] [44] [45] [46] to simulate the ideal case of a SLG solvated in pure NMP using a package for building initial configurations for molecular dynamics simulations (PACKMOL utility). 47 The SLG is frozen during the MD simulations. From the packing motifs observed in the STM experiments, solvated self-assembled monolayers of docosane and its alcohol, amine and acid derivatives on top of SLG are built (see Supporting Information, section S3). These structures are then subjected to molecular dynamics simulations (see Supporting Information, section S3.1) after an initial optimization and equilibration of the systems. We discuss below the adsorption free energies and interaction energies extracted from these calculations, using in all cases the central molecule to avoid edge effects.
The entropic cost, the internal and free energy changes upon the adsorption of a single dispersion-stabilizing molecule on graphene and its confinement in the SAM are reported in Figure 4a . Noteworthy, the energies reported in Figure 4 do not take into account the work (PV) associated with a possible change in volume V at constant pressure P (negligible in the case of molecular adsorption on graphene), and correspond to Helmoltz free energies, where ΔF = ΔE-TΔS. The entropic contribution (TΔS) is calculated through a statistical mechanical approach assuming independent particles (i.e. ideal gas behavior) in the solvent phase (see Supporting Information, section S3.4). This approach was previously applied to describe the Y W dependence with the chain length of carboxylic acids. 22 The change in internal energy per unit area upon bringing the molecule from the solvent to the graphene surface is largest for the bare alkane derivative, whereas the lowest energy gain is found for the docosanoic acid molecule. This is explained by the fact that the carboxylic acid strongly interacts with the polar NMP molecules (partly via hydrogen bonding), which tends to stabilize the acid in the solvent phase (naturally, these interactions are absent in the case of docosane). In the conditions considered here (T = 300K, concentration of DSAs of 2 mM), the predicted entropy cost is very similar for all DSAs, as expected from their similar size (C22 derivatives). 22 Since the docosanoic acid has the largest unit cell (Table 1) , the entropy change per unit area is reduced compared to other molecules.
Altogether, the free energy change per molecule and per surface area for adsorption on graphene is mainly determined by the internal energy contribution.
Since the carboxylic acid molecules are known to dimerize through H-bonding 13, 41, 48 when the dimensionality is reduced from the three dimensions of a solution to the two dimensions on the graphene surface, we also compute the adsorption free energy of a docosanoic acid dimer. The internal energy per area and per molecule is reduced (by ~19 kJ mol -1 nm -²) compared to a single acid molecule, while the entropy loss due to the confinement of the dimer in a two dimensional lattice is ~86 kJ mol -1 nm -² per dimer, i.e. ~43 kJ mol -1 nm -² per molecule, significantly smaller than in the single molecule case (~79 kJ mol -1 nm -²). Altogether, the change in free energy upon adsorption is more negative, indicating more favorable adsorption of the acid molecules in the dimer form. Yet, inspection of Figure 4a (see Supporting Information, Table S2 ) shows that, irrespective of whether we consider adsorption of monomers or dimers in the acid case, the trends in adsorption free energies do not match those in Y W discussed above. In particular, the unfunctionalized alkane is predicted by theory to be the best DSA.
We thus consider another observable that better describes the affinity for the molecules to adsorb on graphene, while simultaneously solubilizing the resulting graphene-organic hybrids: Figure 4b ). The unsubstituted docosane derivative displays the second highest total interaction energy per molecule and per area due to its largest interaction energy with the graphene surface (MOL-SLG, Figure 4b) , promoted by the highest molecule density on graphene compared to other compounds (see Supporting Information, Table S3 ). The formation of the Hbonds between the docosanol molecules, in addition to the favorable chain-chain interactions, contribute to their stabilization within the SAM. However, the interaction energy with the SLG surface remains relatively small compared to the other C 21 H 43 -derivatives, due to the lower density of molecules on SLG. In the case of the amine derivative, the interactions with surrounding molecules in the SAM (MOL-SAM, Figure 4b ) are weaker than in the case of the alcohol derivative, likely due to a lower electronegativity of the nitrogen atom (compared to the oxygen of the alcohol group), resulting in a weaker H-bond between amine groups. Nevertheless, the MOL-SLG interaction is comparable to the docosanoic acid as the density of amine molecules on the SLG surface is similar to that of the acid. The interactions between the DSA and the NMP solvent (MOL-NMP, Figure 4b ) are also comparable for all derivatives, and the hierarchy results from the different surface areas occupied by the molecules within the SAM (see Supporting Information, Table S3 ). Overall, the molecules bearing alcohol and amine functional groups have similar total interaction energies per molecule and per area, and are lower than those of the alkane and acid derivatives. Thus, based on the calculated interaction energies, the docosanoic acid is the most efficient DSA followed by the alkane and the alcohol/amine, in line with the experimental data.
High-resolution transmission electron microscopy (HR-TEM) is then used to gain quantitative information, such as the percentage of monolayers, the flake lateral size, as well as the presence/absence of defects. The analysis of the folded edges is used to estimate the number of layers. 49 We first consider the control sample, i.e. the dispersion prepared in the absence of DSAs. The TEM micrographs reveal a large fraction (~25%) of folded bilayer graphene (BLG) with lateral sizes < 0.8 μm, as typically observed for LPE graphene. [12] [13] We focus in particular The G peak corresponds to the high frequency E 2g phonon at . 50 The D peak is due to the breathing modes of six-atom rings and requires a defect for its activation. 49, 51 It comes from transverse optical phonons around the Brillouin Zone (BZ) edge K, is active by double resonance and is strongly dispersive with excitation energy due to a Kohn Anomaly at K. 49, 51 Double resonance can also happen as intra-valley process, i.e. connecting two points belonging to the same cone around K or K'. This gives the so-called D' peak. The 2D peak is the D peak overtone and, since it originates from a process where momentum conservation is satisfied by two phonons with opposite wave vectors, no defects are required for its activation. 52 The 2D peak is a single Lorentzian in SLG, whereas it splits in several components as the number of layers increases, reflecting the evolution of the electronic band structure. 49 In disordered carbons, the position of the G peak, Pos(G), increases with decreasing excitation wavelength ( L ) from infrared to ultraviolet. 52 Therefore the dispersion of the G peak, Disp(G)=Pos(G)/ L , increases with disorder. The full width at half maximum of the G peak, FWHM(G), also increases with disorder. 52 The analysis of the intensity ratio of the D and G peaks, I(D)/I(G), combined with that of FWHM(G) and Disp(G) allows one to discriminate between disorder localized at the edges andin the bulk of the samples. In the latter case, a higher I(D)/I(G) would correspond to higher FWHM(G) and Disp(G). Figure 7 indicates a correlation between these parameters. This implies that the treatment with docosanoic acid gives defects not localized just at the edges of the samples. Figure 7 also shows that CH 3 gives the least defective samples. Figure 7a shows that none of the representative spectra has a single lorentzian lineshape, consistent with the fact that the distribution of number of layers is never centered on SLG, as for Figure 5a . Thus, even though COOH allows increasing Y W , this happens at the expense of a higher number of defects, when compared to other C 21 H 43 -derivatives.
In conclusion, the use of α-functionalized alkanes as dispersion-stabilizing agents during LPE allows one to increase the yield of exfoliation (Y W ) of graphite in liquid media. To understand the role of the functional group in α-substituted alkanes, we used C 21 
Synthesis of docosan-1-amine
The compound was prepared in 77% yield over three steps from 1docosanol according to a modification of the procedure of Refs. [53] [54] (see Supporting Information, section S1).
Scanning Tunneling Microscopy (STM) analyses were carried out at the interface between a HOPG substrate and a supernatant solution by means of a Veeco multimode Nanoscope III.
Solutions of long linear alkane decorated with four different functions were applied to the basal plane of the surface. First, the substrates were glued to a magnetic disk and an electric contact was made with silver paint (Aldrich Chemicals). Tips were mechanically cut from a Pt/Ir wire (90/10, diameter 0.25 mm). The raw STM data were processed through the application of background flattening and the drift was corrected using the underlying graphite lattice as a reference. Before starting our measurements, the graphite lattice was visualized by lowering the bias voltage down to 20 mV and raising the current up to 65 pA. This allows confirmation of the good quality of the tip and the flatness of the substrate. A mother solution of each molecule in Figure 1 was dissolved in chloroform and diluted with 1-phenyloctane to give 20 mM. Solutions were heat overnight at 80 °C to completely dissolve the molecules. STM imaging was carried out in constant height mode without turning off the feedback loop, to avoid tip crashes. Two dimensional patterns formation was achieved by applying 4 µL of a warm solution onto freshly cleaved HOPG. The STM images were recorded at room temperature once a negligible thermal drift was achieved.
Exfoliation of graphite Graphite flakes were sonicated for 6 h at 50 ± 2 °C (100 W) in NMP, keeping the graphite weight percent constant, i.e. 1 wt %. The temperature was kept constant to 50 °C by using a thermal controller and a cooling coil during sonication. Since the ratio between graphite powder and the solvent was kept constant, different masses of graphite flakes have been used (see SI for details). To remove the large numbers of macroscopic aggregates of graphite, centrifugation (Eppendorf 5804, rotor F-34-6-38, 30 min at 10 000 rpm) was performed. 3 mL of graphene dispersions were pipetted for each molecule, and a homogeneous dark phase was obtained. Additional experimental details are given in the Supporting Information, section S1.
Characterization The amount of exfoliated flakes was measured on a Cubis Ultramicro-Balance MSA2.7S-000DM using a membrane holder. The filters were weighed 5 times before and after the filtration process in order to average the mass of graphene. Dispersions were first transferred to a 10 mm path length quartz cuvette and analyzed by means of UV-vis-IR absorption spectroscopy using a Jasco V670 spectrophotometer equipped with a Peltier thermostated cell holder at 20 ± 0.05 °C. HR-TEM micrographs were taken on a FEI Tecnai F20 TEM equipped with a Schottky emitter and operated at 120 keV. The number of graphene layers was estimated from the number of (0,0,2) diffraction fringes at the edge of folded graphene sheets. The samples were prepared by drop casting on lacey carbon copper grid, followed by solvent evaporation at 150 C for 10 min.
